Introduction
Even if the skin barrier property is localized in the stratum corneum (SC), the skin surface lipids (SSLs) present in the hydrolipidic film have a close relationship with the SC lipids.
Thus, SSLs participate in this barrier function (1) (2) (3) (4) (5) .
SSLs form a complex mixture of free fatty acids and neutral lipids, arising from both sebaceous secretion and skin removal (6) . Freshly liberated sebum contains predominantly triglycerides, wax esters and squalene (7) (8) (9) . Under the influence of lipase-producing microorganisms of human skin flora, triglycerides are partially hydrolyzed, producing free fatty acids, diglycerides, monoglycerides and glycerol (10) (11) (12) . In addition, the continual removal of the uppermost layer of the skin leads to liberate, at the skin surface, free and esterified cholesterols along with free fatty acids. Several lipid classes are then present in SSLs, and the complexity of the mixture is emphasized by the structural microheterogenity within each class.
The hydrolipidic film represents an important modulator of the cutaneous barrier functions (1) (2) (3) (4) (5) , particularly in SC hydration. Moreover, sebum transports antioxidants to the skin surface (e.g. vitamin E), preventing aging (3, 13, 14) . Free fatty acids contribute to the pH of the skin surface (15) (16) (17) . A particular acid (sapienic acid, C16:1Δ6) exhibits strong innate antimicrobial activity (18) . Sebaceous lipids are involved in some inflammatory diseases such as acne (14, 19) , seborrhea or dermatitis (13) . Maintaining the stability of the SSL amounts and compositions is of major importance to preserve the skin barrier properties. Moreover, information provided by SSL analyses such as fine profiling, squalene/cholesterol ratio and intact glycerides pattern, participate to the wide knowledge concerning physiological and pathological evolution of hydrolipidic film.
Our study falls within the framework of lipidomic, with the determination of the global SSLs profile in the entire sample, keeping the structural integrity of the compounds. Our purpose by guest, on October 14, 2017 www.jlr.org Downloaded from was to develop a simple analytical protocol, using a non-invasive sampling method, without time-consuming sample preparation steps, providing a qualitative characterization of SSL individual compounds, and a quantitative evaluation of different lipid classes.
Previously, SSLs were mostly studied after separation in classes using thin layer chromatography. The classes were then submitted to a quantitative analysis using photodensitometry (6, (20) (21) (22) and GC-FID (23) . In other methods, each class was analyzed separately: free fatty acids (24) (25) (26) , wax esters with or without cleavage (26) (27) (28) (29) (30) , and triglycerides after cleavage (26, 31, 32) . Individual compounds were identified using additional techniques: HPLC/APCI-MS (30), GC-FID (24, 29, 32) , GC-MS (24, 26) and ESI mass spectrometry (27) .
GC-MS is the most widely used method for analyzing complex mixtures. Columns stable at high temperature, available today, are suitable for successful separations of compounds with high molecular weights (33-39).
Thus, high temperature gas chromatography-mass spectrometry (HTGC-MS) was chosen to achieve the separation of SSLs. Both electron impact (EI) and chemical ionization (CI) were necessary to obtain structural information and molecular masses. The protocol was optimized to preserve the integrity of thermolabile compounds and to provide good separation between the lipid classes and between the individual compounds. Each compound was identified thanks to its retention time, molecular mass and fragmentation pattern and then assigned to the proper class. Thus informative fingerprints of SSLs were obtained.
To illustrate this method, the differences in SSL compositions at different body areas have been studied. The peak area normalization with response factor approach was applied (40) .
The relative amounts of lipid classes were determined and the squalene/cholesterol ratio was assessed to describe the balance between sebum secretion and skin removal (41) . 
Materials and methods

Chemicals
Diethyl ether, isooctane, palmitic acid, monostearin, squalene, cholesterol, palmityl palmitate, dipalmitin, cholesteryl palmitate, tripalmitin, pyridine and BSTFA [N,O-Bis (trimethylsilyl) trifluoroacetamide] were obtained from Sigma-Aldrich (St Louis, MO, USA). Lipid-free absorbent papers were purchased from Rizla UK Limited (Pontypridd, South Wales, UK).
Medical tapes i.e. elastic tubular nettings for the application of gauzes and medications (surgifix) were purchased from FRA PRODUCTION SPA (Cisterna d'Asti, Italy).
Subject
After cleaning the sampling body areas with water and soap, 12 hours before sampling, the volunteer did not apply any cosmetic or pharmaceutical product on these areas until the end of sampling. Skin surface lipids were collected from six areas (forehead, back, thorax forearm, thigh and calf) of a female volunteer, 26 years old, with healthy skin, living in France for more than 6 months before the date of sampling. The human samples were obtained following review and approval from an Institutional Review Board and the informed consent was obtained from the volunteer.
Lipids collection
Two lipid-free absorbent papers were maintained on the defined area for 30 minutes using a medical tape, and then removed with tweezers and introduced into a closed vial. This step was repeated four times. The collected lipids were extracted from papers twice with 40 ml of diethyl ether. The solution was concentrated in a rotary evaporator at 30°C, then transferred by guest, on October 14, 2017 www.jlr.org Downloaded from into a vial of 2 ml, and dried under a gentle stream of nitrogen. The dry extract was stored at -20°C until further use.
Derivatization of SSLs
The trimethylsilylation reagent consisted of BSTFA/Pyridine 50/50 (V/V). The dry extract was trimethylsilylated at room temperature, for 30 min, with 100 µl of reagent. The excess reagent was then removed using rotary evaporation at 30°C and the dried residue was dissolved in 500 µl isooctane. For forearm, thigh and calf samples, the solution was directly injected (1 μl, on-column). For forehead, back and thorax samples, the solution was diluted in isooctane (1:5; v/v) before injection.
Gas chromatography-mass spectrometry
A Thermo scientific (Austin, TX, USA) gas chromatograph (model Trace GC Ultra), equipped with an on-column injector, was coupled to a DSQII quadrupole mass spectrometer via a high-temperature interface. The separation was achieved using a 30 m x 0.32 mm ZB-5HT (Phenomenex, Torrance, CA, USA) capillary column coated with 0.1 µm of 5% diphenyl / 95% dimethylpolysiloxane, connected to a 5m x 0.32 mm HT-deactivated tubing guard column. Helium was used as a carrier gas with a constant flow of 2 ml/min. The injector and transfer line temperatures were set to 80 and 350°C respectively. The oven temperature was programmed from 80 to 240°C at 5°C/min, 240°C to 320°C at 2.5°C/min, 320°C to 350°C at 1°C/min. Electron impact ionization (EI) mass spectra were recorded in the total ion monitoring mode (TIC). The operating conditions for EI-MS were source temperature at 250°C, ionizing energy 70 eV and scan range from m/z 45 to 1000 with a period of 1s. For CI-MS, ionizing energy was 120 eV and ammonia was used as a reagent gas at 1ml/min constant flow. Results and discussion
Optimization of HTGC-MS conditions
A SSL derivatization step was used to improve the detection of compounds having acid and/or alcohol functions. We checked that with BSTFA/Pyridine (50:50; v/v) mixture, a 30 minutes reaction at room temperature led to results similar to those obtained at 80°C. Thus, we chose cold silylation in order to prevent any thermodegradation of the samples (33).
On-column injection was used to avoid discrimination between analytes of very different volatility and to keep the structural integrity of thermolabile compounds like steryl esters.
A high-temperature stable capillary column, with apolar stationary phase was chosen, because of its chemical inertness towards silylated compounds (42).
At the beginning of the study, a rapid oven temperature programming was tested; from 80 to 390°C at 30°C/ min and 8 min isothermal step at 390 ° C. It led to a lot of co-elutions, a very high background noise at the end of the chromatogram and a partial degradation of steryl esters. Therefore, to remedy these problems, an optimization of oven temperature programming was achieved. A method with three temperature gradients was adopted: from 80 to 240°C at 5°C/min to elute free fatty acids class, then to 320°C at 2.5°C/min to elute the wax esters and diglyceride classes, and finally to 350°C at 1°C/min to elute steryl esters and triglyceride classes ( Figure 1 ). Thus, the selectivity was improved with decreases of coelutions and background noise, providing mass spectra of better quality. 
Qualitative analysis of skin surface lipids
Samples were collected on the forehead of a female volunteer with absorbent papers. This non-invasive method allows collecting exclusively SSLs.
In the studied SSL sample, a compound corresponding to a given chromatographic peak was identified through its retention time and MS data (molecular mass and fragmentation pattern), and assigned to the proper class regardless of isomers and unsaturation positions, in order to establish the profile of all SSLs.
Free fatty acids:
In addition to the molecular ion [M] + , the [M -CH 3 ] + ion due to the loss of a methyl from the TMS group was used for identification. In our chromatographic conditions, major FFA (trimethylsilyl esters), were contained between decanoic acid (C10:0), and tetracosenoic acid (C24:1), (Table 1 ). These acids have been partly described by Green (28) from C13 to C18.
Due to the branching of chains or unsaturation positions, several FFA with the same total number of carbon atoms, the so-called carbon number, were eluted at different retention times. The hexadecenoic acid (C16:1) was the most abundant acid detected in the sample.
According to different authors (31, 43) we could identify it as to the sapienic acid (C16:1Δ6).
Other fatty acids were detected in trace amounts: C7:0 (3.44min), C8:0 (4.78min), C9:0 (6.45min), C11:0 (10.38min), and C12:1 (12.26 min). Their amounts were too low to affect significantly the total sum of fatty acids. This result was consistent with the findings of Vantrou et al. and James et al. (7, 25 to distinguish saturated waxes from unsaturated waxes, in which the acid moiety and/or the alcohol moiety could be unsaturated. Waxes having the same total carbon number and unsaturation number, but with different varying in the acid and alcohol chain lengths, were co-eluted. Identified fatty acid moieties were mostly hexadecenoic acid (C16:1) and hexadecanoic acid (C16:0), which suggests the importance of palmitic acid and its unsaturated counterpart in the physiological film of the skin. In the alcohol moieties, the lengths of saturated and monounsaturated hydrocarbon chains were much more varied, between C14 and C24. Waxes are not hydrolyzed on the skin surface (20) . No free fatty alcohols were detected.
Sterol class:
This class is composed of free sterols and sterols esterified with fatty acids released by the sebum or the epidermis.
Free sterols
The identification of free sterols (Table 1) , was established by observation of specific ions:
Cholesterol which is the skin removal marker (17, 48, 49) was the main free sterol identified.
Our method allowed us to detect the presence of lanosterol. It is considered as a cholesterol synthesis intermediate from squalene following the Kandutsch-Russel route (45, 46).
Steryl esters
Using an adapted temperature programming allowed us to characterize steryl esters without any thermal degradation. EI mass spectra showed the same fragment at m/z 368 for all steryl esters R 1 COOR 2 . It corresponds to the sterol moiety [R 2 -H] + formed by R 1 COOH elimination and formation of a double bond in position 3. Therefore, CI-MS was necessary to observe the adduct ion [M+NH 4 ] + and identify the ester acyl group. All sterol esters identified were cholesteryl esters. The chain lengths of fatty acid varied from C14 to C18 (Table 1 ). The most abundant compound was cholesteryl hexadecenoate eluted at 65.31 min.
Glyceride class
As mentioned above, microorganisms living in the pilosebaceous canal and on the skin surface hydrolyze triglycerides (11, 12) . Hence, the SSL glyceride class is composed of three subclasses that are monoglycerides, diglycerides and triglycerides.
One advantage of our method is the simultaneous detection of intact triglycerides and all their hydrolysis products (e.g. glycerol). 
Diglycerides
Diglycerides were identified ( Only limited data have been reported on triglyceride structures because of their extremely high complexity. In this study, we found that the majority of triglycerides consisted of mixed triglycerides with different aliphatic hydrocarbon chain lengths in the same compound. The triglycerides were eluted in several groups according to their total carbon number. Each group shows several chromatographic peaks (between three and five peaks) with a decrease of retention times depending on the unsaturation number ( Figure 1 , Table 3 ).
Quantitative analysis of skin surface lipids at six body areas
In order to compare the SSL compositions at different human body areas, six SSL samples were collected, at the same time, from six body areas of the same volunteer. The relative amount of each lipid class in the total amount of SSLs was estimated using the area normalization with response factors (40) .
When mass spectrometry is used, the sensitivities corresponding to analytes of different lipid classes are different (40) . Hence the TIC response may highly change from a lipid class to
another. This limitation can be removed by running one representative standard per lipid class to obtain the response factor (K) for each class, as follows:
C =K x A C: injected concentration of representative standard of one lipid class.
K: response factor of studied lipid class.
A: peak area of the representative standard. A i : sum of area peaks assigned to the same lipid class i.
To sum up, six SSL samples were collected from six body areas, each SSL sample was run twice. The percentage of each lipid class in the total amount of SSLs was evaluated as it is shown in Figure 2a and Table S1 .
The total amount of collected SSLs was higher at body areas rich in sebaceous glands than at the other areas. A factor five was observed between the total quantities collected on forehead, back and thorax and quantities collected on forearm, thigh and calf. On the contrary, the detection of the same lipid compounds from the six sampled areas indicated a homogeneous qualitative composition. Only the relative percentages of each lipid class varied according to number of sebaceous glands present, the amount of skin removed and cutaneous resident bacterial activity at the studied areas. hydrolysis products. In addition, the sum of total glycerides and free fatty acids percentages was independent of the studied areas.
Sebaceous glands produce squalene and little or no cholesterol. Cholesterol is synthesized during the cell differentiation from stratum basale to stratum corneum without accumulation of squalene (6, 13, 17, 44, 45) . Thus, the ratio squalene/cholesterol in SSLs could reflect the relative activity of sebaceous gland and skin removal (41) . Figure 2c shows that squalene percentage was higher in SSLs collected from areas rich in sebaceous glands than in SSLs from areas poor in these glands. This is also in agreement with Greene (6) . This observation led us to choose the squalene as a sebaceous activity marker.
As expected, cholesterol percentage was higher in SSLs collected from areas poor in sebaceous glands than in SSLs of areas rich in these glands (Figure 2c ). According to different authors, cholesterol could be used to follow skin removal (48, 49) .
The ratio squalene / cholesterol represent the relative participation of both sebaceous and desquamation lipids in the SSLs. This ratio decreases significantly at areas poor in sebaceous glands. (Figure 2) However, it is difficult to interpret the variations of cholesteryl esters percentages between different areas depending on the activity of both tissues studied. Furthermore, the density of the microbial population in the skin may influence the presence of cholesteryl esters in SSLs (51).
To sum up, this method using only one analytical protocol, allowed comparing lipid classes variation between different body areas. The qualitative SSL profiles do not depend on the studied skin area and seems to be a personal feature. However, the quantitative inter-area variations were mainly observed for the squalene/cholesterol ratio and free fatty acidsglycerides pattern.
Conclusion
The aim of this study was to separate and identify SSLs, in order to get a SSL fingerprints.
For this purpose, HTGC-MS was used with EI and CI ionization. The SSL identifications were performed using specific mass fragments of each lipid class, molecular ions and retention time of each compound. Despite the complexity of this lipid mixture, more than 200 compounds were individually identified and assigned to five lipid classes that are FFA, hydrocarbons, waxes, glycerides, free and esterified cholesterols. The dominant fatty acids the lipid classes were hexadecenoic acid (C16: 1) and hexadecanoic acid (C16: 0). These findings suggest the important role of these two acids in the hydrolipidic film.
The SSL compositions at six human body areas were studied. No qualitative change was detected, suggesting that the SSL compositions are similar at the different body areas. The quantitative composition was assessed, using peak area normalization with response factor.
We have checked that the squalene percentage increases at areas rich in sebaceous glands, whereas the cholesterol percentage increases at areas poor in sebaceous glands. This balance between the sebaceous activity and skin removal markers could be an indicator of the equilibrium between these two cutaneous activities. The study of glyceride class compounds without prior cleavage, allowed us to observe the inverse relationship between the percentages of triglycerides and their hydrolysis products that could reflect the bacterial skin surface activity. Thus, the method developed during this work, could be useful to evaluate the influence of treatments or environmental and nutrition factors on the skin health. Moreover, it could detect skin lipid disorders related to skin diseases.
To sum up, this method gives structural information and detailed lipid profiles using only one analytical protocol. It could be of a great interest for establishing the proof of medical treatment efficiency in diseases such as acne, atopic dermatitis, seborrhea or psoriasis. 
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